Abstract: Optical comparators have the potential to improve the operational speed and power consumption of optical communication systems, as they directly perform the required operations in the optical domain to avoid any optic-electro conversions. Various comparators are optically implemented; however, most studies have been confined to an ON-OFF keying modulation. Although there is a comparator available for the phase-shift keying (PSK) modulation, the device has a limitation that requires integration into an actual system. In this paper, the author provides an optical comparator based on a silicon waveguide for a quadrature PSK (QPSK) signal. The proposed comparator is a simple 2.0 × 0.1 mm 2 rectangle, which is approximately 1/7500 the size of comparators from previous studies, and the device mainly comprises a delay line interferometer, a variable splitting ratio optical coupler, and a phase shifter. The performance of the comparator designed for 00 00 and 11 00 codewords was experimentally evaluated. The comparator generates the coupled symbol with the comparison result between the target code and the input signal. The paper demonstrates the feasibility of the ultracompact optical comparator for a 4-bit QPSK-modulated signal at 10 Gbaud.
Introduction
The demand for fully transparent optical communication systems has continued to increase exponentially in response to the tremendous amount of Internet traffic. Optical signal processing is of considerable practical concern for such a communication system, as it takes advantage of operational speed and power consumption to directly perform the required operation in the optical domain, which avoids any optic-electro conversions. Various applications have been studied for optical signal processing, including optical packet switching [1] , [2] , optical label recognition [3] , [4] , error correction [5] , [6] , encryption [7] , logic gates [8] - [10] , half and full adders [11] , [12] , correlators [13] , and comparators [14] - [21] . In particular, optical comparators are optimal because they can perform the most applications, such as packet switching and label recognition.
The materials and devices suitable for optical comparators include semiconductor optical amplifiers (SOA) [14] , [15] , nonlinear fiber ring resonators (NFRR) [16] , Fabry-Perot laser diodes (FP-LD) Fig. 1 . Operating principles of the optical comparator for a 4-bit QPSK signal: (a) constellations in the 00 00 comparator, (b) constellations in the 11 00 comparator. In this figure, two comparators are designed for 00 00 and 11 00 code to set their phase rotations at (0, 0) and (π, 0), respectively. The constellations obtained from each comparator are illustrated when four patterns of two successive QPSK symbols are injected (S/P: serial-to-parallel). [17] , distributed feedback LDs (DFB-LD) [18] , micro ring resonators (MRR) [19] , and planar light wave circuit (PLC)-based delay line interferometers (DLI) [20] , [21] . Most comparators based on SOA, NFRR, FP-LD, DFB-LD and MRR have been confined to on-off keying (OOK) modulation as opposed to phase-shift keying (PSK) modulation in spite of its superior sensitivity for long-haul transmission. The PLC-based DLI is a comparator available for PSK-modulated signals; however, this comparator requires integration into an actual communication system.
In this paper, the author presents an optical comparator based on a silicon (Si) waveguide for quadrature PSK (QPSK) signals. The proposed device comprises a DLI and a variable splitting ratio optical coupler (VSOC). The comparison operation is experimentally demonstrated to generate a coupled symbol from two successive QPSK symbols at 10 Gbaud. The high group index in the Si waveguide (n g = 4.2) allows for an ultracompact device and suggests the potential for integration in future optical communication systems.
Operating Principles
The proposed comparator generates a coupled symbol that provides a comparison result. The comparison result is given by the Hamming distance between a target code and the input signal. The Hamming distance provides the number of coefficients in which they differ, and the distance is derived as
where x = x 0 , x 1 , . . . , x n−1 and y = y 0 , y 1 , . . . , y n−1 are n-bit codewords. In the comparator, the input signal is converted into parallel symbols and the symbols are coupled after phase rotation. The phase rotation amounts are determined in accordance with the target code to obtain comparisons. Figure 1 shows the operating principles of the optical comparator for a 4-bit code consisting of two successive QPSK symbols. As an example, two comparators designed for 00 00 and 11 00 code, which are denoted the 00 00 and 11 00 comparators, respectively, are considered. In each comparator, the phase rotation is determined by the pattern of the target code to convert their original constellation into a 00 constellation in Gray code. In this code, the most-significant-bit (MSB) and least-significant-bit (LSB) contribute to the quadrature-and in-phase components in the complex plane. According to the design concept, the phase rotations for two parallel symbols in the 00 00 comparator are set at 0 and 0 because the two constellations in the target code, 00 and 00, are converted by a 0 phase rotation into a 00 constellation. In the same way, the phase rotations in the 11 00 comparator are set at π and 0. Figure 1 (a) illustrates the constellations of the coupled symbol obtained from the 00 00 comparator when four patterns of two successive QPSK symbols are injected: 00 00, 00 11, 11 00, and 11 11. In this case, the Hamming distance between the target code and the input signal coincides with the distance from the upper right constellation, a position that is the sum of two 00 constellations, under the condition that the constellations are projected to the axis inclined at a π/4 angle with respect to the horizontal axis. For example, the 00 00 input gives a Hamming distance of d H (0000, 0000) = 0 because the input is the same as the target code. In this case, the constellation is located at the upper right constellation, and the distance is equal to the Hamming distance. Similarly, in the case of the 00 11 and 11 00 inputs, the Hamming distances are given by d H (0000, 0011) = d H (0000, 1100) = 2, and their constellations are located at the origin of the complex plane whose positions correspond to the 2-bit length away from the upper right constellation. Furthermore, the 11 11 input is at the lower left constellation, and the position corresponds to a Hamming distance of d H (0000, 1111) = 4. Figure 1 (b) illustrates the constellations of the 11 00 comparator. Interestingly, these constellations reflect the Hamming distances based on the 11 00 code. For example, the 11 00 input gives a Hamming distance of d H (1100, 1100) = 0, and the constellation is located at the upper right constellation. In the case of the 00 11 input, the constellation is at the lower left position, which corresponds to a Hamming distance of d H (1100, 0011) = 4.
In each comparator, the constellations reflect a Hamming distances of d H (0000, c) and d H (1100, c), where c is the bit pattern of the input signal. According to the operating principles, the proposed scheme can support 16 possible patterns of 4-bit code, not only the 00 00 and 11 00 patterns, to determine the amounts of the phase rotation. Therefore, the proposed scheme provides comparison results for an arbitrary 4-bit QPSK signal. Figure 2 shows an optical comparator based on an Si waveguide for two successive QPSK symbols. The comparator consists of a simple 2.0 × 0.1 mm 2 rectangle, which is approximately 1/7500 of the area of the DLI-based comparator (50 × 30 mm 2 ) [20] , [21] . The device mainly comprises a 1 × 2 coupler, a delay line, a 2 × 2 Mach-Zehnder interferometer (MZI), and a phase shifter. In the comparator, the coupler first divides the successive symbols into two parts. Next, one of the parts is relatively separated by one-symbol interval by propagating the delay line; the serial signal is converted into two parallel symbols. Then, the comparator rotates the constellation of the delayed symbol according to the design concept. Finally, the two parallel symbols are optically coupled at the following MZI. In this case, the MZI is utilized as a VSOC to adjust the power ratio between the two parallel symbols; the performance of the VSOC has been previously reported [22] . Consequently, the comparator outputs the coupled symbol from up and down ports.
Device Structure

Schematic Configuration
The cross section of an Si waveguide is illustrated in Fig. 2 (a). The waveguide is inside a silicon dioxide (SiO 2 ) cladding layer with a thickness of 4000 nm. The core of the waveguide is 450 nm wide and 210 nm thick to provide single mode propagation for the transverse electric (TE) mode. According to the group index (n g = 4.2) of the waveguide, the delay line was designed to be 7.14 mm, corresponding to a delay time of 100 ps. In this device, the 1 × 2 coupler is based on a 1 × 2 multimode interferometer (MMI). The MMI is a simple 12 × 2.0 μm 2 rectangle, the surface layout of which is shown in Fig. 2(b) . Similarly, the two couplers in the VSOC consist of a 2 × 2 MMI (11 × 1.8 μm 2 rectangle); the layout is shown in Fig. 2 (c) The phase shifter consists of a titanium nitride (TiN) heater on SiO 2 cladding 1 μm above the waveguide. The heater consists of a simple 
Fundamental Properties
The author experimentally evaluated the fundamental properties of the comparator. First, the extinction ratio of the comparator was optimized by controlling the phase shifter in the VSOC. In this experiment, an amplified spontaneous emission (ASE) light was injected into the comparator, and the applied voltage V s was changed from 0.0 to 3.4 V. Figure 3(a) shows the transmission spectra of the down port with various V s values. In this figure, the peak of the spectrum increases with increasing V s by variation of the splitting ratio for approaching a 50:50 condition. Additionally, the spectrum shifts to the long-wavelength side with increasing V s . This shift is due to thermal diffusion in the TiN heater; the heater excessively affects the phase of the delayed symbol. The extinction ratio against V s is summarized in Fig. 3(b) . According to the figure, the extinction ratio of 10.6 dB is achieved when V s = 2.0 V; the phase bias of V s was fixed at 2.0 V in the following section.
Next, the phase rotation amount was evaluated to control the phase shifter in the delay line. Figure 4 (a) gives the transmission spectra when the phase bias V p was set at 2.9 V. The solid and dashed lines correspond to the spectra obtained from the up and down ports in the comparator. The solid line is maximized at a wavelength of 1550 nm. In contrast, the dashed line is minimized in the same situation, indicating that the up and down ports output in-phase and out-of-phase light, respectively, at 1550 nm. Figure 4(b) shows the up-port spectra when the biases V p were set at 2.9, 3.2, 3.5, and 3.8 V. The spectra shift to the long-wavelength side with increasing V p , and four spectra are arranged at uniform intervals within a single period. According to the figure, the biases of 2.9, 3.2, 3.5, and 3.8 V correspond to phase rotations of 0, π/2, π, 3π/2, respectively, for the delayed symbol.
Then, the impulse response was evaluated to measure the interval of the delay line. In this experiment, an ultrashort pulse at a wavelength of 1550 nm, with a 9.2 ps of full width at half maximum (FWHM), was injected into the comparator. Figures 5(a) and (b) indicate the input pulse and comparator output, respectively. The short pulse was separated into two parts, and the time duration in each symbol was given by 101 ps which provides a delay time almost as designed. A 101 ps duration corresponds to a free spectrum range (FSR) of 9.9 GHz. Figure 6 shows the experimental setup of the optical comparator for a 4-bit QPSK signal. The setup consists of three parts: a QPSK signal generator with an optical gate, an optical comparator with an optical coupling system, and a detection system.
Experimental Setup
The QPSK generator mainly comprises a tunable laser diode (TLD), a pulse pattern generator (PPG), a lithium-niobate Mach-Zehnder modulator (LN-MZM), and dual-parallel LN-MZM. First, a probe light generated from a TLD emitting at 1550 nm is QPSK-modulated by using a dual-parallel LN-MZM driven by a PPG with a 2 9 − 1 pseud random binary sequence (PRBS) at 9.9 GHz. Next, the QPSK signal is return-to-zero (RZ) modulated by a LN-MZM driven by the PPG with a 9.9 GHz clock. Then, four QPSK symbols are extracted from 2 9 − 1 PRBS by using a 2nd LN-MZM and 2nd PPG. In the extracted symbols, the latter two symbols are utilized for comparison, and the former two symbols are used as an interference pulse. Consequently, the four successive symbols are injected into an optical comparator. The optical coupling system requires two lensed fibers, an integrated optical comparator, and a minute position adjustment apparatus. The four QPSK symbols are injected into the comparator through a lensed fiber to adjust the positions of the fiber. In the comparator, the four symbols are separated into two parts, and one of the parts is relatively delayed. Then, the two symbols to be compared, denoted the 1st and 2nd symbols, are optically coupled after phase rotation. The coupled signal is combined with a lensed fiber by adjusting the positions of the fiber.
The detection system has two options. The 1st system is based on a photo detector and directly receives comparator output; the schematic is shown in Fig. 6(a) . The 2nd system is based on a DLI, which is utilized to convert the constellation of the coupled symbol into an optical waveform; the schematic is shown in Fig. 6(b) . The DLI has an FSR of 5.0 GHz, which gives a 200 ps time interval for the input signal. The interferometer optically overlaps the interference pulse with the coupled symbol, which comprises the 1st and 2nd symbols. When the interference pulse is adjusted to have a π/4 phase by phase shifter, the constellation of the coupled symbol is projected to the axis inclined by a π/4 angle in the complex plane. By this method, the constellation is converted into the optical signal. Then, the signal is detected at a balanced photo detector (BPD).
Experimental Results
Optical Constellation
The author experimentally evaluated the constellation of the comparator output. In the experiment, the QPSK signal was injected into the comparator without the optical gate function; the 2nd LN-MZM and 2nd PPG were not utilized. Furthermore, the comparator output was directly injected into photo detector. Two types of optical comparators, the 00 00 comparator and the 11 00 comparator, were designed by controlling the phase bias V p , where V p was set at 2.9 and 3.5 V, respectively. In the case that the bias V p was set at 2.9 V, the phase rotation amounts for the 1st and 2nd symbols were given as 0 and 0; similarly, a V p of 3.5 V gave π and 0 phase rotations. In each comparator, four outputs were obtained in different ways to identify their constellations. First, the author achieved two optical signal outputs from the up and down ports. Next, the author achieved the same signals Fig. 7 . Optical waveforms for each comparator output: (a) 00 00 comparator, (b) 11 00 comparator. In each figure, the four waveforms correspond to the in-phase and out-of-phase signals in the I and Q axes, respectively. The ten coupled symbols are highlighted with the bit patterns of the 1st and 2nd symbols: 00 00, 00 01, 00 10, 00 11, 01 01, 10 10, 11 00, 11 01, 11 10, and 11 11. after an additional 0.3 V bias was applied to the original V p ; the bias affected the phase shift of π/2. By this method, the coordinate of the constellation is uniquely determined. Figure 7 (a) shows the optical waveforms of the 00 00 comparator. The four waveforms correspond to the in-phase signal in the in-phase axis (I axis), the out-of-phase signal in the I axis, the in-phase signal in the quadrature axis (Q axis), and the out-of-phase signal in the Q axis. In this figure, ten specific symbols are highlighted, and their bit patterns of the 1st and 2nd symbols are on each symbol. The signal levels of the four waveforms are determined according to the phase difference between the 1st and 2nd symbols; the relation is summarized as (S When we focus on the coupled symbols for which the 1st and 2nd symbols have the same pattern, which is denoted the common-phase pattern, the relation is given by (1, 0, 1, 0) . In contrast, in the case of an inverted-phase pattern, such as 00 11 and 11 00, the relation is given by (0, 1, 0, 1) . In the case that the phase of the 1st symbol leads π/2 to the phase of the 2nd symbol, 00 10 and 11 01 patterns, the relation is given by (1, 0, 0, 1) . In contrast, the patterns for which the phase of the 2nd symbol leads π/2, 00 01 and 11 10, the relation is given by (0, 1, 1, 0) . Figure 7(b) shows the optical waveform of the 11 00 comparator. The four waveforms correspond to the in-phase and out-of-phase signals in the I and Q axes, respectively. According to the waveforms, in the case of the common-phase and inverted-phase patterns, the above relation is reversed. Similarly, the phase lead and lag patterns behave in the same way.
The author estimated the constellation of the coupled symbol by using the obtained optical waveforms. The relation of (S , c) and d H (1100, c) , where c is a bit pattern of the input signal under the condition that the constellations are projected to the axis inclined by a π/4 angle with respect to the horizontal axis.
the complex coordinate can be converted into a difference vector based on the 1st symbol. In this situation, the constellation is estimated by a vector sum of the 1st symbol and the difference vector; the vector is overlapped with the constellation of the 1st symbol. Figure 8 (a) provides the reconstructed constellations of the coupled symbol obtained from the 00 00 comparator. In these constellations, a Hamming distance of d H (0000, c) accurately coincides with the distance from the upper right constellation under the condition that the constellations are projected to the axis inclined by a π/4 angle with respect to the horizontal axis. For example, the 00 00 constellation is located at the upper right constellation; the distance is equal to a Hamming distance of d H (0000, 0000) = 0. Meanwhile, the 00 01 and 00 10 constellations are at a 1-bit length away from the upper right constellation; the distance is given by a Hamming distance of d H (1000, 0000) = d H (0100, 0000) = 1. Similarly, the constellations are located farther from the upper right constellation with increasing d H (0000, c). Furthermore, the 11 11 constellation is at the farthest position corresponding to d H (1111, 0000) = 4. Figure 8 (b) gives the constellations generated from the 11 00 comparator. According to the constellations, a Hamming distance of d H (1100, c) is accurate and equal to the distance from the upper right constellation. For example, constellations similar to 11 00 are located near the upper right constellation. In contrast, the constellations having a pattern different from 11 00 are located away from the upper right constellation. From the above experiments, the proposed optical device provides comparison results for a 4-bit QPSK signal at 10 Gbaud/s.
Optical Waveform
The author experimentally evaluated the optical waveform of the comparator output. In the experiment, the four successive symbols are extracted from 2 9 − 1 PRBS using the optical gate. The latter two symbols had ten specific patterns of 00 00, 00 01, 00 10, 00 11, 01 01, 10 10, 11 00, 11 01, 11 10, and 11 11. In this case, the former two symbols are selected to serve as an interference pulse. The comparator output is injected following the delayed interferometer. The constellation is converted into an optical waveform by overlapping the π/4-shifted pulse; to be more precise, the constellations shown in Fig. 8 are projected onto the axis, which is inclined at a π/4 angle with respect to the horizontal axis.
The upper half of Fig. 9 corresponds to the optical waveform of the 00 00 comparator. The center of each waveform corresponds to the constellation. In this figure, the signal intensities accurately reflect a Hamming distance of d H (0000, c). For example, in the case that the waveform pattern is the same as that of the 00 00 waveform, the intensity has a maximum level: d H (0000, 0000) = 0. Meanwhile, the 00 01 and 00 10 waveforms go down a notch from their maximum level: d H (0000, 0001) = d H (0000, 0010) = 1. Similarly, the intensities go down a notch further with increasing d H (0000, c). Consequently, in a case where the waveform pattern is completely different from the 00 00 waveform, the 11 11 waveform reaches the minimum level: d H (0000, 1111) = 4.
The lower half of Fig. 9 shows the optical waveform of the 11 00 comparator. In this figure, a Hamming distance of d H (1100, c) accurately coincides with the signal intensity. For example, the waveforms similar to the 11 00 waveform have higher intensities. Specifically, the 11 00 waveform has a maximum intensity: d H (1100, 1100) = 0. Conversely, the waveforms different from the 11 00 waveform have lower intensities, especially the 00 11 waveform, which reaches a minimum level: d H (1100, 0011) = 4. Therefore, it is concluded that the proposed optical comparator achieves the comparison results as an optical intensity for a 4-bit QPSK signal at 10 Gbaud/s.
Conclusion
In summary, this paper has demonstrated the feasibility of an optical comparator based on an Si waveguide for a 4-bit QPSK-modulated signal. The proposed comparator comprises a simple 2.0 × 0.1 mm 2 rectangle, with an area that is approximately 1/7500 of the comparator area from previous studies. The integrated device mainly consists of a VSOC, a delay line interferometer, and a phase shifter. In this device, the VSOC gives a 50:50 power splitting ratio with a phase bias V s of 2.0 V. The delay line interferometer has an FSR of 9.9 GHz with a 7.14 mm delay line that corresponds to a 100 ps interval according to the group index (n g = 4.2) of the waveguide for the TE mode. In this experiment, two comparators for 00 00 and 11 00 codewords were designed to control phase biases V p of 2.9 and 3.5 V.
The author experimentally evaluated the constellation generated from the 00 00 and 11 00 comparators. The constellations are reconstructed by using the four optical waveforms, which are the in-phase and out-of-phase signals in the I and Q axes, for the ten specific patterns of 00 00, 00 01, 00 10, 00 11, 01 01, 10 10, 11 00, 11 01, 11 10, and 11 11. The constellations obtained from each comparator give a comparison result between the target code and the input signal. In these constellations, the distance from the upper right constellation accurately coincides with Hamming distances of d H (0000, c) and d H (1100, c) under the condition that the constellations are projected onto the axis inclined by a π/4 angle with respect to the horizontal axis in the complex plane.
The author experimentally evaluated the optical waveform to convert the constellation into signal intensity by overlapping a π/4-shifted pulse. The signal intensity accurately corresponds to Hamming distances of d H (0000, c) and d H (1100, c) in each comparator. In these waveforms, intensities similar to the target code indicate higher levels; in contrast, intensities different from the target code indicate lower levels. From the above experiments, it is concluded that the optical comparator offers results for comparison with a 4-bit QPSK signal at 10 Gbaud/s.
